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Abstract – The lifespan of a tidal turbine is strongly af-
fected by the unsteady loading it experiences, so knowledge 
of the mean flow speed is not sufficient: unsteadiness must 
also be quantified. One of the most common turbulence mea-
surement devices in the marine environment is the Acoustic 
Doppler Current Profiler (ADCP). The variance of steady 
velocity measurements from ADCPs has been studied in 
detail, but very little attention has been given to the funda-
mental limits of ADCPs in terms of the frequencies and 
lengthscales that they can capture.  
In this paper, it is shown that the ADCP acts as a low-
pass filter to eddies and that even optimistic calculations 
predict significant attenuation at lengthscales up to ten times 
the blade chord of a typical tidal turbine. For a typical 40 m 
deep channel wavelengths below 3-4 m are attenuated by 
90% or more. Those eddies that are not filtered out are then 
subject to a distortion that will either amplify or attenuate 
the signal depending on the precise turbulence characteris-
tics of the site in question. While this low-pass filtering may 
alter some global statistics by truncating the observed spec-
trum, it is most damaging when data is extracted for particu-
lar frequencies, as a turbine designer may do when assessing 
unsteady loading and fatigue life. 
It is therefore recommended that high-resolution turbu-
lence data, e.g. from a hotwire, is captured over part of the 
water column and that this is used to calibrate ADCP data. 
Keywords— ADCP, response, spatiotemporal, filter, dispersion 
relationships, capture, turbulence, tidal, turbines, energy site. 
I. NOMENCLATURE 
Roman Letters 
a Fourier harmonic amplitude 
b beamwise velocity 
d scatterer diameter 
E energy density 
f frequency 
F filter (1 for no filtering, 0 for infinite filtering) 
h channel depth 
I turbulence intensity ሺܫ௨ ൌ ߪ௨/ݑതሻ 
k wave number 
L turbulent integral lengthscale 
N number of pings 
s density ratio between scatterers and fluid 
Sk Stokes number 
T sampling period 
u,v,w Streamwise/transverse/vertical velocity 
x,y,z Streamwise/transverse/vertical coordinate 
  
Greek Letters 
α beam slant angle (from vertical) 
β scatterer phase lag
γ anisotropy ratio corrected by beam angle 
ε turbulent kinetic energy dissipation rate 
η scatterer amplitude damping ratio 
θ beam spread angle 
λ wavelength 
Λ dispersion amplitude parameter 
ν kinematic viscosity 
ρ density 
σ velocity standard deviation ඥݑᇱଶതതതത 
φο phase lag between streamwise and vertical eddy components 
ω angular frequency 
 
 
Subscripts/superscripts 
 (.)' instantaneous fluctuation 
ሺ. ሻതതതത Mean 
ሺ. ሻᇱଶതതതതതത RMS 
ሺ. ሻ෢  Fourier transform 
c cut-off 
f fluid 
p particle 
II. INTRODUCTION 
While tidal power is intermittent, it is predictable, and this 
sets it apart from many other renewable resources. There 
are, however, major technical challenges to overcome 
before tidal power generation becomes commercially via-
ble – mainly related to reliability and cost. This paper 
focuses on tidal stream turbines, which are similar in de-
sign to wind turbines, are much more sensitive to velocity 
fluctuations due to the lower average flow speeds encoun-
tered and the higher density of water [1]. Tidal turbines 
therefore experience higher unsteady forces than wind 
turbines, and this in turn causes fatigue. 
 Accurate calculation of these unsteady forces is vital 
in order to avoid either premature failure or over-
engineering, both of which add cost and hamper commer-
cial viability [2]. It is thus essential for designers to have 
correct information about the flow at each tidal energy 
site – in terms of turbulence as well as the mean flow 
speed. This will become even more important as develop-
ers seek to deploy devices in ever-harsher locations. 
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 This paper assesses the measurement limitations of the 
most widely-used device for tidal current measurements, 
the Acoustic Doppler Current Profiler (ADCP). ADCPs 
are often used in the seabed-mounted Janus configuration, 
which uses four transducers arranged as shown in Fig. 1. 
Each transducer emits a beam of acoustic waves, which 
are backscattered by particles in suspension. The Doppler 
shift of each reflected signal is used to calculate the 
beamwise velocity of each particle, and the time taken for 
the signals to return is used to divide them into ‘bins’ de-
noting different distances from the ADCP. By combining 
data from all four beams, the streamwise, transverse and 
vertical velocity components can be calculated in each 
depth bin, and thus a 3D flow profile can be produced for 
the whole height of the channel. 
 The reliability of steady ADCP data is well-known, 
and the trade-offs between different performance metrics 
have been studied in detail – ranges of hundreds of metres 
can be achieved but this is at the expense of standard dev-
iation and spatial resolution [3]. 
 Improved technology and advanced post-processing 
techniques have enabled the use of ADCPs to be extended 
to provide an assessment of turbulence statistics [4]. Until 
now, however, very little attention has been given to the 
fundamental limits to the frequencies and lengthscales 
that ADCPs can capture. The little work that has been 
carried out suggests major issues in this respect. 
 Experiments by Nystrom et al. [5] found errors from 
44% to 94% in turbulence intensity derived from ADCP 
data. On the theoretical side, Theriault [6,7] provided the 
first analysis, which was built upon by Gargett et al. [8,9], 
who focused on inter-beam information loss. They 
showed that a four-beam ADCP will give inaccurate data 
in the presence of anisotropic turbulence or when there 
are phase differences between the components of eddies.  
 Despite evidence that there are severe limitations to an 
ADCP’s ability to capture turbulent flow structures, they 
are being used to analyse the frequency content of flows. 
Inaccuracies from these calculations could lead to mis-
leading choices of tidal energy sites or poor estimates of 
fatigue life, particularly if errors arise away from the uni-
versal high-frequency range. Some researchers are also 
using instantaneous ADCP velocity profiles (u’and w’) in 
an attempt to generate realistic coherent inflows for simu-
lations [10,11].  
 To the authors’ knowledge, no systematic study has 
been carried out of the capability of an ADCP to capture 
turbulent structures in the frequency range relevant to 
tidal turbines. This paper provides a conservative assess-
ment of the unsteady response of an ADCP, and finds that 
the ADCP acts as a low-pass filter to turbulent structures. 
The intensity of this filter increases quickly with depth, 
with up to half the energy being lost by the top of a typi-
cal channel.  
 In the first part of this paper, the range of frequencies 
that affect a tidal turbine is discussed. After this, filters  
 
Fig. 1 - Four-beam ADCP in the Janus configuration. 
representing the spatio-temporal response of an ADCP are 
defined. Next, dispersion relations are developed to assess 
where realistic eddies lie on these spatio-temporal dia-
grams. The filters are then used to assess cut-off frequen-
cies and the proportion of energy captured with depth. 
Finally, guidance is provided for the use of unsteady data 
from ADCPs in tidal turbine design. 
III. FREQUENCIES RELEVANT TO TIDAL TURBINES 
The mechanical stresses on a turbine arise from steady 
and unsteady loads. The former depend on the average 
flow speed, while the latter are related to velocity fluctua-
tions, and it is these unsteady loads that cause fatigue. 
While some velocity fluctuations (e.g. those due to the 
rotation of the blade through the channel boundary layer) 
are well-known, there are other, less predictable, sources 
of unsteady flow: turbulence, waves, large-scale structures 
generated by local bathymetry, and the wakes of other 
turbines. Many of these vary from one site to another, so 
accurate local data is vital. 
 The most damaging lengthscales will depend on the 
exact shape of the S-N curve of the materials used. Fur-
thermore, the hydrodynamic response of the turbine to 
fluctuations (and thus the stress on the blade) does not 
only depend on the amplitude of the fluctuations in the 
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streamwise direction, but also on the vertical and trans-
verse eddies.  
 As a rule of thumb, structures that are much smaller 
than the blade chord (typically 1.5 m) are unlikely to 
cause significant global thrust and torque variation [12]. 
Very small eddies can be predicted from standard turbu-
lence theory, as they are unaffected by local bathymetry. 
This means that it is not necessary to measure eddies 
shorter than about 1 m.  
 For the upper bound, the maximum integral eddy 
lengthscale in a 40 m deep channel is about 35 m. How-
ever Thomson et al. [13] argue that the very large eddies 
may not be the largest contributors to turbine fatigue, and 
suggest relevant eddies are between about 1 and 10 m. 
These larger disturbances are also not amenable to theo-
retical prediction because they are generated in part by the 
local bathymetry [2]. 
 It is therefore the case that eddies between 1 and 35 m 
must be measured accurately at each site, because they are 
too large to be predicted by turbulence theory, and they 
are also large enough to affect turbine loading.  
IV. THE ADCP AS A LOW-PASS FILTER 
An ADCP can be thought of as acting as a low-pass filter 
to turbulent flow structures. There are several sources of 
filtering, and the overall response is the product of the 
individual filters because the process is sequential. Broad-
ly speaking, the filters can be split in to two groups: 
1. Intra-beam (i.e. information loss within one beam). 
2. Inter-beam (i.e. information loss due to combining 
data from different beams).  
Intra-beam filtering sets an upper limit on the information 
that can be reconstructed from ADCP data, as it is inde-
pendent of data analysis technique or flow characteristics. 
 Inter-beam filtering is the error generated when data 
from different beams is combined. The errors introduced 
at this stage depend on the type of turbulence statistic 
being generated – e.g. the assessment of the instantaneous 
3D velocity components requires an assumption of instan-
taneous horizontal homogeneity, while the evaluation of 
the Reynolds stress simply requires that the flow is statis-
tically homogeneous.  
 In this paper, the effect of sample rate is not consi-
dered. Typical ADCPs have sample rates up to 1 Hz, giv-
ing a Nyquist cut-off frequency of 0.5 Hz, and creating a 
practical frequency limit for standard ADCP data. 
Intra- and inter-beam filtering will now be discussed in 
turn. 
V. INTRA-BEAM FILTERING 
Intra-beam filtering is found to be the product of three 
filters. First, the damping due to scatterering particles 
failing to follow the flow perfectly. Second, filtering due 
to the spatial averaging over the volume of each beam. 
Third, filtering as a consequence of averaging over sever-
al pings. These filters will now be developed in turn be-
fore their combined effect is discussed. 
A. Scatterers following the flow 
Like other Doppler devices, ADCPs do not measure the 
speed of water directly, but instead capture the speed of 
suspended scatterers. It is therefore important to know 
how closely these scattering particles follow the flow. 
 The motion of a spherical particle in a fluid can be 
modeled by the Basset-Boussinesq Ossen equation1. The 
equation was studied quantitatively for the first time by 
Tchen [14], and the harmonic response was derived by 
Hinze [15], using Fourier integrals: 
௙ܷ ൌ න ሾܽଵ cosሺ߱ݐሻ ൅ ܽଶ sinሺ߱ݐሻሿ݀߱
ஶ
଴
 
ܷ௣ ൌ න ߟሾܽଵ cosሺ߱ݐ ൅ ߚሻ ൅ ܽଶ sinሺ߱ݐ ൅ ߚሻሿ݀߱
ஶ
଴
 
where ௙ܷ  and ܷ௣  are the speed of the fluid and particle, 
respectively. It can be seen that the particle moves at the 
same frequency, but with a different amplitude and phase 
to the flow (attenuated by a factor of η and lagging by β). 
An analytical solution commonly used in Laser-Doppler 
Anemometry [16] is that of Helmfelt & Mockros [17]: 
ߟ ൌ ටሺ1 ൅ ܿଵሻଶ ൅ ܿଶଶ 
ߚ ൌ tanିଵሺ ܿଶ1 ൅ ܿଵሻ 
where ܿଵ  and ܿଶ  are functions of the Stokes number, 
ܵ௞ ൌ ට ఔఠ ௗమ, and the density ratio, ݏ ൌ ߩ௣/ߩ௙ : 
ܿଵ ൌ
቎1 ൅ 9
√2 ቀݏ ൅ 12ቁ
ܵ௞቏ ቎1 െ ݏݏ ൅ 12
቏
81
ቀݏ ൅ 12ቁ
ଶ ൤2ܵ௞ଶ ൅ ܵ௞√2൨
ଶ
൅ ቎1 ൅ 9
√2 ቀݏ ൅ 12ቁ
ܵ௞቏
ଶ 
 
ܿଶ ൌ
9ሺ1 െ ݏሻ
ቀݏ ൅ 12ቁ
ଶ  ൤2ܵ௞ଶ ൅ ܵ௞√2൨
81
ቀݏ ൅ 12ቁ
ଶ ൤2ܵ௞ଶ ൅ ܵ௞√2൨
ଶ
൅ ቎1 ൅ 9
√2 ቀݏ ൅ 12ቁ
ܵ௞቏
ଶ 
The amplitude of attenuation, ߟ, is mainly controlled by 
the relative density of the particle, s. Therefore better 
flow-tracking behavior is expected from organic particles, 
such as plankton (which are mainly water), than heavier 
mineral particles, such as sand. In addition, small Stokes 
numbers (high frequencies or large particles) give the 
most significant drop in amplitude. This is shown on Fig. 
2, which is a plot of attenuation against eddy frequency. 
Three different particle sizes and density ratios are mod-
eled, corresponding to large and small mineral particles 
(black and blue lines respectively) and plankton (red line). 
                                                           
1 Note: there will be additional errors in the vertical velocity if the particle is not 
neutrally buoyant 
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With a flow oscillating at 2.6 Hz (which corresponds to 
streamwise eddies with 1 m wavelength), mineral par-
ticles will have a speed 5-40% lower than that of water, 
depending and their size, while organic scatters will have 
an amplitude error closer to 1%. 
 At high frequencies, another source of error becomes 
important; variations in phase lag, β, between different 
scatterers will mean that they are out of phase. An ADCP 
averages the velocity of all the scatterers in a given bin, so 
that two scatterers going at the same speed but in opposite 
directions will cancel each other out, leading to a mea-
surement of 0. This attenuation is not constant, but will 
have maxima at a series of frequencies depending on the 
density and size of each particle class present. As the am-
plitude of this filter is extremely site dependant, it is not 
included in the general results shown here.  
 At this point it is necessary to ask which particles will 
be the main contributors to scattering. The answer de-
pends not only on the distribution of particles in the sea, 
but also on the scattering properties of these particles at 
the ADCP carrier wavelength. The peak acoustic sensi-
tivity is when the perimeter of the particle is equal to the 
carrier wavelength. The acoustic sensitivity of particles in 
this size range is difficult to study, as it depends on the 
acoustic properties of the scatterers themselves [18].  
 Given that the speed of sound in the sea is about 1450 
m/s, and carrier frequencies of ADCPs range from 300 
kHz to 1200 kHz, the peak sensitivity is for particle di-
ameters of about 0.5-1.5 mm. This is shown in Fig. 3, 
which is a plot of typical acoustic sensitivity for the rele-
vant size range. This means that the data collected will be 
heavily biased towards particles of these radii. To correct 
this, site-dependant calibration would be necessary, which 
would involve measuring sampled water at different fre-
quencies.  
B. Spatial averaging 
Each beam captures the particle speed along its axis (the 
‘beamwise’ direction), and therefore contains a compo-
nent of the vertical velocity as well as either a component 
of the streamwise or transverse speed. The accuracy of the 
velocity in the beamwise direction is affected by the ver-
tical resolution within the beam. This finite resolution acts 
as a filter to the vertical and horizontal velocity compo-
nents. The key difference is that the amount of informa-
tion lost in the vertical direction depends on the size of the 
bins, Δr, but the horizontal filtering is independent of bin 
size. These two filters are now considered in turn. 
1) Vertical resolution 
Spatial averaging inside each beam is an inevitable feature 
of ADCPs. From the geometry of a bin (shown on Fig. 4), 
the vertical resolution is: 
Δݖ ൌ ݖߠ tanሺߙሻ ൅  Δݎ cosሺߙሻ 
where Δr is the radial ‘bin’ size, θ is the beam spread an-
gle and α is the beam angle from the vertical. 
 Δݖ  depends on the radial resolution, Δݎ , which de-
pends on the signal processing method employed. It is 
interesting to note that when Δݎ ՜  0the vertical resolu-
tion does not reduce to zero, but to ݖ ߠ tanሺߙሻ . Using 
typical values for both an ADCP and a tidal channel (see 
Table 1), when Δr = 0, Δz = 0.4 m. This is the lower 
bound for vertical resolution, regardless of bin size. 
2)  Horizontal filter 
Fig. 4 also shows the horizontal cross section of the beam, 
which is an ellipse with axes ݖߠ/cosሺߙሻ and ݖߠ/cosଶሺߙሻ. 
For simplicity, only the axis producing the largest loss of 
information will be considered, i.e. ∆ݔ ൌ  ݖߠ/cosଶሺߙሻ , 
which is approximately 0.6 m at 20 m depth.  
 The effect of averaging over the horizontal cross sec-
tion can be estimated by assuming a uniform averaging 
over the bin and zero elsewhere. In the spatial domain, 
this is a window, ܨ௜௡௧௥௔ሺݔሻ, as shown on Fig. 5. Shifting 
to the spectral domain, the Fourier transform of a rectan-
gular function is a sinc function. This is a low-pass filter: 
 ܨ෠௜௡௧௥௔ሺ݇௫ሻ ൌ ݏ݅݊ܿሺ݇௫ Δݔሻ 
An equivalent filter applies in the transverse direction. 
The cut-off frequency of this filter is considered to be the 
first zero of ܨ෠௜௡௧௥௔, which is ݇௖ ൌ గ୼௫. This corresponds to  
 
Fig. 2 - Amplitude attenuation of scatterers against frequency for three 
different particles. 
 
Fig. 3 - Acoustic sensitivity vs. scatterer diameter, for two carrier fre-
quencies. Based on Lohrmann [4].  
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a wavelength of 3.6 m for a typical ADCP. This low-pass 
filtering means all wavenumbers above the cut-off wave-
number are strongly attenuated. For first-generation, nar-
rowband, ADCPs, this low-pass filtering was advanta-
geous as it reduced aliasing in both time and space. How-
ever, aliasing is not the limiting factor of modern ADCPs 
as they have higher sampling rates (pulse coding has 
enabled intra-pair superposition).  
C. Averaging over several pings 
Modern broadband ADCPs achieve excellent single-ping 
velocity variance. However, older systems or demanding 
environments push users to collect data over several pings 
to reduce the velocity variance to an acceptable level. This 
subsection shows the consequences of ping averaging. 
 Assuming that the mean flow speed is constant over 
the averaging period and 2N+1 samples are taken at uni-
form time intervals, T (centred on x=y=0), the streamwise 
and transverse velocity, ݑ෤  and ݒ෤, will be: 
ݑ෤ ൌ ݑ2ܰ ൅ 1 ෍ cosሺሾ߱ െ ݇௫ݑതሿܶ ݅ሻ  ,    
ே
௜ୀିே
ݒ෤ ൌ ݒ2ܰ ൅ 1 ෍ cos ሺ߱ ܶ ݅ሻ
ே
௜ୀିே
 
 
In the frequency domain, the sum is geometric, so that: 
ܨ෠௔௩௚,௫ሺ߱, ݇௫ሻ ൌ
1
2ܰ ൅ 1
sin ቀሾ߱ െ ݇௫ݑതሿ ܶ 2ܰ ൅ 12 ቁ
sin ቀሾ߱ െ ݇௫ݑതሿ ܶ2ቁ
 
ܨ෠௔௩௚,௬ሺ߱ሻ ൌ
1
2ܰ ൅ 1
sin ቀ߱ ܶ 2ܰ ൅ 12 ቁ
sin ቀ߱ ܶ2ቁ
 
In the streamwise direction, frozen eddies (where 
߱ ൌ  ݇௫ݑത) will not be attenuated at all. All sweeping and 
straining eddies (see Section VIII), and those in the trans-
verse direction, will be attenuated periodically (at every 
frequency that is a multiple of the averaging period). 
D. Combined single-beam filter 
 The filters described above can be multiplied together 
to create an overall filter for a single beam: 
ܨ෠௕௘௔௠ሺ߱, ݇ሻ ൌ ܨ෠௣௔௥௧௜௖௟௘ሺ߱ሻܨ෠௜௡௧௥௔ሺ ݇ሻܨ෠௔௩௚ሺ߱, ݇ሻ 
 Considering the ‘base case’ given in Table 1, the fre-
quencies and wavelengths captured by a single beam in a 
typical channel can be found. This is shown in Fig. 6, 
which is a contour plot of filter attenuation over the range 
of frequencies and wavelengths of interest. The white 
region shows areas where the attenuation is greater than 
10 dB. Fig. 6(a) shows the streamwise filter while Fig. 
6(b) shows the transverse filter. It can be seen that there is 
more than 90% attenuation of frequencies above 1 Hz in 
the streamwise direction and 0.3 Hz in the transverse di-
rection. Wavelengths shorter than 4 m in either direction 
are attenuated by at least 90%. Above the initial cutoff, 
there are small areas where more than 10% of the signal is 
retained (for example, around 0.7 Hz in the transverse 
direction). The filter repeats periodically, so that frequen-
cies between 3 and 4 Hz are also captured by the beam. 
 Not all combinations of wavelength and frequency are 
physically reasonable, so only certain areas on Fig. 6 
represent realistic eddies. To address this, dispersion rela-
tions will be developed in Section VIII. 
VI. INTER-BEAM FILTERING 
 Inter-beam filtering is extremely sensitive to the type 
of turbulence present in the channel, and to the data ex-
tracted. It is nonetheless useful to consider the effect of 
this filter in a general manner.   
  With the exception of the variance method (used to 
estimate Reynolds’ stress), most turbulence statistics are 
found by combining instantaneous beamwise velocity 
estimates, ܾ௜, to find the Cartesian velocity components. 
Table 1 – Base case constants. 
Name Symbol Base case 
ADCP beam inclination angle (o) ߙ 20 
ADCP beam width angle (o) ߠ 1.5 
Average flow velocity at mid depth ݑത  2.6 
Kinematic viscosity (m2/s) ߥ 10ି଺ 
Turbulence intensity (streamwise) ܫ௨ 10% 
Channel depth (m) ݄ 40
Upper position of blade tip (m) ݖ 30 
Number of pings averaged 2ܰ ൅ 1 11 
Relative density of scatterers s 2 
Size of scatterers (m) ݀௣ 5 כ 10ିସ 
Phase interaction of scatterers n/a Excluded 
 
 
Fig. 4 - ADCP bin geometry and beam resolution. 
 
 
Fig. 5 – Uniform averaging in space creates a low-pass filter in the fre-
quency domain. 
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Fig. 6: Overall single-beam filter: Contours of Filter Level for wave-
length-frequency range relevant to turbines. 
For instance, the streamwise velocity component, u, is 
found by combining ܾଵ and ܾଶ (see Fig. 1(a)): 
 
ܾଵ െ ܾଶ
2 ൌ
ݑሺݔ ൅ ݖ tanߙሻ ൅ ݑሺݔ െ ݖ ݐܽ݊ߙሻ
2 ൅
ݓሺݔ ൅ ݖ ݐܽ݊ߙሻ െ ݓሺݔ െ ݖ ݐܽ݊ߙሻ
2  
 
 Any changes in u or w between the two beams will 
affect the estimation of u. The size of this effect depends 
on the variation in velocity from one beam to another. 
Theriault [7] proposed a simple way to model this by as-
suming a uniform vertical velocity, w, so that only 
changes in streamwise velocity are considered. This re-
sults in a periodic filter that attenuates a large part of the 
wavenumber spectrum: 
ܨ෠௜௡௧௘௥்௛௘௥௜௔௨௟௧ሺ݇ሻ ൌ cos ሺ݇ݖ tanሺߙሻሻ 
 It can be seen that the filter is a function of both wa-
venumber and depth, so the most strongly-attenuated fre-
quencies change with depth. For instance, if z = 20 m and 
ߙ ൌ 20௢, the zero wavelengths (ߣ଴ ൌ ଶగ௞ ) are 29 m, 9.7 m, 
5.8 m, 4.2 m, 3.2 m, etc. At these wavelengths, the signal 
is completely attenuated.  
 Gargett et al. [8,9] extended this work, and showed 
that anisotropy, along with any phase difference between 
the horizontal and vertical components of an eddy, would 
have important effects on the filtering of flow structures, 
and could lead to amplification as well as attenuation. 
They called the phase difference φo so that: 
ݑᇱ ൌ ߪ௨݁௜௞ೣ௫ 
ݓᇱ ൌ ߪ௪݁௜ሺ௞ೣ௫ାథబሻ 
Gargett et al. then defined an alternative anisotropy ratio, 
ߛ ൌ ఙೢఙೠ כ ܿ݋ݐሺߙሻ, so that the filter becomes: 
ܨ෠௜௡௧௘௥ீ௔௥௚௘௧௧ሺ݇௫ሻ
ൌ ඥcosଶሺ݇௫ݖ ݐܽ݊ߙሻ ൅ ߛଶ sinଶሺ݇௫ݖ ݐܽ݊ߙሻ െ ߛݏ݅݊ሺ߶଴ሻ sinሺ2݇௫ݖ ݐܽ݊ߙሻ 
 This filter reduces to Theriault’s case when ߶଴ = 0. 
Fig. 7 shows the effects on the filter of changes in phase 
difference (Fig. 7(a)) and anisotropy (Fig. 7(b)), as func-
tions of ݇ݖ ݐܽ݊ߙ. Expressed in this way, the functions are 
periodic and so only the first period is shown in Fig. 7. 
Convective eddies typically have anisotropy ఙೢఙೠ ~0.56 
(giving γ = 1.54) [2], and do not exhibit strong phase rela-
tionships.  
 The lines representing these eddies are shown in red 
on Fig. 7. It can be seen that, for these typical eddies, 
there is up to 50% amplification, but no attenuation. 
However, Gargett et al. [8,9] found that wind- and storm-
driven turbulent flows, such as Langmuir Supercells, have 
quasi-deterministic phase relationships (φo ≈ 90o or 180o). 
An example of this is shown on Fig. 7(b) in blue2, and it 
can be seen that there is total attenuation at some frequen-
cies as well as almost doubling of the amplitude at others. 
This means that storm conditions and straining eddies are 
likely to be measured incorrectly by ADCPs.  
 Fig. 8 shows the same filter expressed as a function of 
wavelength for z = 20 m and ߙ ൌ 20௢. It can be seen that 
both attenuation and amplification can be expected within 
the range of interest to tidal turbine designers, and it is not 
until the wavelength is greater than 100 m that the filter 
tends towards unity. This means that an ADCP will skew 
the frequency spectrum by attenuating some harmonics 
but amplifying others.  
VII. BREAKDOWN OF THE FILTER 
To give an idea of the relative importance of the filters 
presented above, a breakdown of the filters as applied to 
frozen turbulence is shown in Fig. 9. A filter of zero dB 
would mean perfect transmission of all information. As 
each filter is applied, the information is skewed, and the 
final filter is represented by the black line, which ranges 
from 2 dB amplification to >10 dB attenuation depending  
                                                           
2 Note: For a Langmuir Supercell, φ0 depends on the relative direction of the wind 
and current, and will change with depth. φo ≈ 90o is shown as an example. 
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Fig. 7 - Inter-beam filter based on Gargett et al. [9]. (X = 0.5 corres-
ponds to a wavelength of 30 m when z = 20 m). 
Fig. 8 - Inter-beam filter against wavelength for different anisotropy 
ratios (Ԅ଴ ൌ 0). Based on Gargett et al. [9]. 
on the wavelength in question. This black line represents 
the final signal from the ADCP. 
 In Fig. 9(a), the tracking filter (black area) is almost 
non-existent, because the scatterers have 0.5 mm diame-
ter, which corresponds to the peak sensitivity of a 1 MHz 
ADCP. For lower carrying frequencies, or in the presence 
of a high concentration of larger particles, flow tracking 
errors are much more significant, as shown in Fig. 9(b) (3 
mm particles). The spatial average filtering (blue area) is 
more powerful, and leads to a -3 dB cutoff of about 6 m 
and a -10 dB cutoff of almost 4 m in both cases. Without 
inter-beam filtering, the filter would follow this blue area, 
with very little attenuation of wavelengths over 6 m (as 
shown in Fig. 6). 
 The final filters shown in Fig. 9 are inter-beam filters 
(red). Fig. 9(a) shows a Langmuir Supercell-like distur-
bance (φo = 90o), while Fig. 9(b) shows a typical convec-
tive eddy. Once these filters are included there is amplifi-
cation of some frequencies. This shows that, with the in-
ter-beam filtering included, parts of the spectrum may be 
lost, while other parts are amplified.   
 There are multiple additional sources of error not in 
Fig. 9, for example: limited sample rates, imperfect data 
processing, noise (including Doppler noise), and averag-
ing over multiple pings. 
 The qualitative analysis above shows that the con-
struction of turbulent flow data from several ADCP beams 
can be dangerous without good knowledge of the flow, 
because measurements could be over- or under-estimates, 
and in the worst case the errors could be orders of magni-
tude. Suggestions for mitigating errors will be made in 
Section X. 
VIII. EFFECT OF DIFFERENT DISPERSION RELATIONS 
Fig. 6 shows the operating windows of an ADCP, but not 
all points in the f-߱ space are physically plausible in a 
realistic flow, as frequency and wavelength are linked. 
The aim of this section is to develop dispersion relations 
to model typical eddies in a tidal channel. 
 Any dispersion relation can be decomposed into an 
advection component and an additional part due to the 
evolution of turbulence: 
߱ ൌ ݇௔ௗ௩ݑത ൅  ߱௧௨௥௕ 
 When ߱௧௨௥௕ ൌ 0, this is frozen flow as described by 
Taylor [19] and used in Sections VI and VII. Non-linear 
interactions between different flow structures mean that 
eddies change with time. Dispersion relations for the two 
most common changes (sweeping and straining) were 
defined by Fung et al. [20]3: 
1. Sweeping of small eddies by larger eddies. In this 
case, ߱௧௨௥௕ ൌ Λ஽݇ ݑᇱଶതതതത. 
2. Straining: rotation of large eddies due to vortex stret-
ching/compression (Kolmogorov eddy turnover). 
Here, ߱௧௨௥௕ ൌ Λ஽√ሾ݇ଷܧሺ݇ሻሿ  ൎ Λ஽߳ଵ/ଷ݇ଶ/ଷ. 
In both cases, ΛD is a dispersion amplitude parameter, 
usually 1 [21]. The boundary between sweeping and  
                                                           
3 More complex turbulence (e.g. from wind/waves) will not follow this description. 
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Fig. 9 – Filter integrated along frozen-flow line at z=30m, and broken 
down by filter type for two different scenarios. 
straining is site-dependant, although it is typically around 
a wavelength of 22 m in a tidal channel.  
These dispersion relations can now be used to show where 
typical eddies lie. These are denoted by the red lines plot 
ted on Fig. 10, which is a large-scale version of the low-
frequency part of Fig. 6 (again, white denotes greater than 
10 dB attenuation).  
In the streamwise direction (Fig. 10(a)), it can be seen that 
both sweeping and straining eddies behave very similarly 
to the frozen flow case. In the transverse direction (Fig. 
10(b)), however, the sweeping and straining eddies follow 
different paths and so the 4 m wavelength cut-off corres-
ponds to a frequency of anywhere from 0.02 Hz (strain-
ing) to 0.6 Hz (sweeping). (There is no bulk flow in this 
direction so the frozen advection case does not occur.)  
As discussed in Section V. C, frozen eddies are unaffected 
by averaging over multiple pings, but any sweeping or 
straining flow will be attenuated by averaging. 
 
 
Fig. 10– ADCP attenuation of flow field (contour plot) compared to 
dispersion relations for eddy motion (red).  
IX. INFLUENCE OF DEPTH ON ENERGY CAPTURED 
Most of the filters developed above are depth dependent. 
This is because the beams become further apart, and the 
beam width increases, so both intra- and inter-beam filter-
ing becomes broader further from the ADCP. In this Sec-
tion, the effect of depth on both the -10 dB cut-off fre-
quency and on the proportion of energy captured will be 
discussed. 
A. Influence of depth on amplitude cutoff 
Fig. 11 shows the depth-dependence of the data losses. 
The dark grey areas show the operating windows of the 
ADCP, bounded by the -10 dB cut-off (i.e. in the white 
areas, there is greater than 90% attenuation). In Fig. 11(a), 
only the intra-beam effects have been included. The -10 
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dB cut-off increases almost linearly with depth because of 
the local linearity of sinc close to its zeros. This means  
 
Fig. 11 – -10 dB cutoff as a function of depth and wavelength for frozen 
eddies (white areas have >90% attenuation). 
that, while eddies as small as 1 m may be captured very 
close to the seabed, the cutoff has increased to almost 6 m 
by the top of the water column. In Fig. 11(b), inter-beam 
filtering has been included (with no anisotropy or phase 
difference), and it can be seen that the operating windows 
are now much more sparse, with large parts of the spec-
trum excluded.  
B. Influence of depth on energy captured 
The proportion of the energy observable by ADCPs, be-
fore any data processing is shown on  Fig. 12(a), where 
the energy captured at each depth has been found by inte-
grating the filter shown in Fig. 11. Without inter-beam 
filtering (base case), ADCPs can capture up to about 92 % 
of the spectrum at the top of the channel and up to 98% at 
the bottom. For more complex eddies, where inter-beam 
filtering is much more significant the energy captured can 
drop to 60-80%.  
 As already discussed, not all of the energy in the spec-
trum will affect the fatigue of a tidal turbine. If only  
 
Fig. 12 – Proportion of turbulent energy captured by an ADCP as a 
function of depth. 
wavelengths in the 1-35 m range are considered, ADCPs 
capture only 65% of the energy affecting the turbine by 
the tip height, even when only the base case intra-beam 
filtering is considered ( Fig. 12 (b)).  
X. IMPLICATIONS FOR TIDAL SITE ASSESSMENT 
The results shown above make it clear that turbulent sta-
tistics calculated from ADCP data will not capture the 
whole spectrum. The filtering processes mean that some 
frequencies are attenuated completely, while others will 
be amplified. This means that the turbulence spectrum 
will be skewed by an ADCP. 
 As mentioned above, the implications of this for prac-
tical use will depend on the statistics produced. For exam-
ple, if each beam can be considered separately, as is the 
case when calculating Reynolds’ stress, it is possible to 
correct for the missing energy content. 
 There are ways to mitigate some of these errors. For 
example, if the water is sampled to find the distribution of 
particles, the damping described in Section V. A can be 
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corrected. It would also be advantageous to have know-
ledge of the weather at the time (to correct for any large 
wind/wave-induced structures) and the anisotropy of the 
flow. 
 Perhaps the best way to use ADCP data is to couple it 
with more accurate turbulence data acquired over a small-
er range. For example, hotwires could be used over a 2 m 
height range at mid-depth. This hotwire data could then be 
extrapolated over the entire channel using the ADCP data.  
XI. CONCLUSIONS 
In this paper, a comprehensive assessment has been made 
of the capability of an ADCP to capture turbulent flow 
structures of the lengthscales relevant to tidal turbine 
loading. The key conclusions are as follows: 
1. Structures with wavelengths greater than 0.5m are 
likely to affect turbine loading. While the smallest of 
these can be predicted analytically, it is estimated that 
site-specific flow features will be generated at 
lengthscales from 1 m upwards so these lengthscales 
must be measured accurately during site surveys.  
2. It has been shown that the ADCP acts as a low-pass 
filter to eddies. This filtering occurs first within each 
beam (intra-beam), before further alteration is caused 
by the combining of data from four spatial locations 
(inter-beam) and Doppler noise. 
3. The main contributors to intra-beam filtering are: 
a. scattering particles failing to follow the flow fully. 
b. spatial averaging due to finite ‘bin’ size in both 
vertical and horizontal directions. 
c. averaging data from several ‘pings’ at different in-
stants in time.  
Of these, spatial averaging tends to have the largest 
impact on the attenuation of high frequencies. 
4. By combining the filters, it has been found that even 
optimistic calculations predict significant attenuation 
at lengthscales in the dangerous 1-35  m range. For a 
typical channel, information is attenuated by more 
than 90% for wavelengths below 4 m.  
5. Intra-beam filtering means that some eddies will be 
completely attenuated while others are amplified, de-
pending on the anisotropy and the phase difference be-
tween different components of each eddy. The overall 
effect of these filters is to skew the frequency spec-
trum between the real flow and the ADCP data. 
6. While this low-pass filtering may alter some statistics 
by truncating the observed spectrum, it is most damag-
ing when data is extracted for a few particular fre-
quencies, as a turbine designer may do when assessing 
unsteady loading and fatigue life. 
7. It is recommended that additional data is used to cali-
brate ADCP information. For example, hotwire data 
acquired over a small area can be used to examine 
which frequencies are incorrectly represented in the 
ADCP results. 
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